We perform a global analysis of the constraints on a possible Higgs-like particle with mass ∼ 125 GeV that are provided by the ATLAS, CDF, CMS and D0 experiments. We combine the available constraints on possible deviations from the Standard Model Higgs couplings to massive vector bosons and to fermions, considering also the possibilities of non-standard loop-induced couplings to photon and gluon pairs. We analyze the combined constraints on pseudo-dilaton scenarios and on some other scenarios in which the possible new particle is identified as a pseudo-NambuGoldstone boson in a composite electroweak symmetry-breaking sector.
Introduction
The LHC experiments ATLAS and CMS have reported evidence for a possible new particle with mass ∼ 125 GeV [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] , whose existence is also consistent with data from the Tevatron collider experiments CDF and D0 [12] . It seems quite likely that the new particle would have spin zero, since it apparently couples to γγ and hence cannot have spin one, and the selections of candidate W W * → + − νν final states assume that the charged lepton momenta are correlated as in the decays of a spin-zero particle such as a Higgs boson [13] , whereas a spin-two particle would yield quite different correlations [14] . This state is therefore a very plausible Higgs candidate, but could be a harbinger of a more complicated, possible composite, electroweak symmetry-breaking sector.
Inventive theorists have proposed many such alternative scenarios with signatures somewhat different from those of the Standard Model Higgs boson, and it will be important to optimize the use of the sparse initial data to best distinguish between them. Many previous papers have proposed phenomenological frameworks that generalize the couplings of the Standard Model Higgs boson [15, 16] , and several papers have already used such frameworks to analyze the possible couplings of the ∼ 125 GeV Higgs candidate [17, 18] , most recently using the data released by ATLAS, CDF, CMS and D0 for the March 2012 Moriond conference [19] . In this paper we set up a calculational tool for analyzing and combining the constraints provided by the various experimental measurements, treating as independent parameters the strengths of the couplings to massive vector bosons and to fermions, and allowing for the possibilities of non-standard loop-induced couplings to photon and gluon pairs. Within this general framework, we analyze the experimental constraints on some specific alternatives to the Standard Model Higgs boson.
These include the pseudo-dilaton, the pseudo-Nambu-Goldstone boson of a near-conformal strongly-interacting sector with vacuum condensates that break both scale and electroweak symmetry [20, 21] . In this model, the tree-level couplings to all massive Standard Model particles, bosons and fermions, are rescaled by the same universal factor relative those of the Higgs boson in the Standard Model. In addition, there may be extra contributions to the loop couplings to γγ and gg, one possibility being that QCD and QED also become almost conformal [20] . Neglecting this possibility for QCD, we find that the combined world data on the ∼ 125 GeV state favour a universal rescaling factor that is close to unity. On the other hand, if QCD is near-conformal, favoured values of the rescaling factor are substantially less than unity.
Other possibilities are provided by models in which the 'Higgs' is a composite pseudoNambu-Goldstone boson of some higher chiral symmetry that is broken down to the SU(2) × SU(2) → SU(2) of the Standard Model Higgs sector [22] [23] [24] [25] 1 . In some of these models the 'Higgs' couplings to massive vector bosons and to fermions are rescaled differently, with extreme cases being fermiophobic [27] and gaugephobic [28] models. We analyze these possibilities, comparing the qualities of their fits to that of the Standard Model Higgs boson and the pseudo-dilaton. We find that improved fits are possible in alternative models in which the relative signs of the 'Higgs'-fermion and -boson couplings are opposite from the Standard Model, but the improvement is not sufficient to warrant discarding the Standard Model Higgs or the dilaton, whereas fermiophobic and (particularly) gaugephobic models are disfavoured.
The layout of this paper is as follows. In Section 2 we review the phenomenological framework we employ, in Section 3 we describe our calculational procedure, and in Section 4
we describe the data set we use. In Section 5 we present our results, treating as particular cases the pseudo-dilaton scenario and other pseudo-Nambu-Goldstone boson scenarios, as well as fermiophobic and gaugephobic models. In each single-parameter scenario, we present the local p-value (likelihood) as a function of its relevant parameter Finally, in Section 6 we summarize our conclusions and discuss prospects for clarifying the nature of the possible state with mass ∼ 125 GeV.
Phenomenological Framework
We work within the framework of the following nonlinear low-energy effective Lagrangian for the electroweak symmetry-breaking sector [16, 20] , see also [29, 30] :
where U is a unitary 2 × 2 matrix parametrizing the three Nambu-Goldstone fields that are 'eaten' by the W ± and Z 0 , giving them masses, v ∼ 246 GeV is the conventional electroweak symmetry-breaking scale, h is a field describing the possible state with mass ∼ 125 GeV, and a and c parametrize the deviations of its couplings to massive vector bosons and to fermions, respectively, from those of the Higgs boson in the Standard Model. In addition to
1 Similar phenomenology occurs in some radion models [26] .
the terms in (1), the phenomenology of a Higgs-like state h also depends on the loop-induced dimension-5 couplings to gg and γγ [31] :
In the Standard Model, only the top quark makes a significant contribution to the coefficient b s , whereas both the top quark and W ± contribute to b em . In extensions of the Standard
Model, other heavy particles may contribute to both coefficients, as we discuss below. We will be particularly interested in the case where h is the pseudo-Goldstone boson of approximate scale symmetry, i.e., a pseudo-dilaton of a near-conformal electroweak symmetrybreaking sector. In this case, the square-bracketed factors in (1) may be written in the forms [30] :
where χ is the dilaton field, assumed to have a v.e.v. V , and we may write χ ≡ V + h. In this pseudo-dilaton scenario, we have
In addition to this most economical pseudo-Goldstone boson scenario, we also consider scenarios in which h is interpreted as a pseudo-Goldstone boson appearing when some higherorder chiral symmetry is broken down to the SU(2) × SU(2) of the Standard Model Higgs sector. One class of such composite models has an SO(5)/SO(4) structure [23] , within which the Standard Model fermions may be embedded in spinorial representations of SO (5), the MCHM4 model, or in fundamental representations, the MCHM5 model [16, 18, 24, 25] . In the MCHM4 model one has
where ξ ≡ (v/f ) 2 with f a compositeness scale. Clearly, constraints on the possible values of a = c in the pseudo-dilaton scenario may be rephrased as constraints on ξ in the MCHM4 model. On the other hand, in the MCHM5 model one has
This reduces to the Standard Model as ξ → 0, to a specific fermiophobic scenario with a = √ 3/2 in the limit ξ → 1/2, to an anti-dilaton model with a = −c = 1/ √ 3 when ξ = 2/3, and to a gaugephobic model when ξ → 1.
Calculational Procedure
The deviations of the h couplings from those of the Standard Model Higgs boson, parametrized by a and c, factorize out of the Standard Model production cross-sections and decay widths, yielding the following rescaling factors R ≡ σ/σ SM for gluon-gluon fusion, vector boson fusion, associated production and Higgsstrahlung production mechanisms respectively:
Assuming that gluon-gluon fusion and vector boson fusion (VBF) dominate over the other processes, one may combine their respective rescaling factors and cut efficiencies ξ gg,VBF to obtain a total production rescaling factor
where
Similarly the rescaling of the decay widths R ≡ Γ/Γ SM to massive vector bosons, fermions and photons are given, respectively, by
and τ t,w ≡ 4m Table 1 .
In some scenarios there may be additional loop contributions due to new heavy particles that should also be taken into account, an example being the pseudo-dilaton scenario. If QCD and QED are embedded in the conformal sector, the gluon-gluon fusion and diphoton decay rates are rescaled by factors related to the trace anomaly [32] :
Production sensitive to Decay sensitive to channel Table 1 : Dominant dependences on the model parameters for the channels and sub-channels discussed in this paper, where a and c control the strength of the scalar coupling to the massive gauge bosons and to fermions, respectively, and b s , b em are the coefficients of the dimension-5 term coupling the scalar to the massless gauge bosons. The latter coefficients are important factors in pseudo-dilaton phenomenology.
and the forms of the loop-induced dimension-5 terms in the effective Lagrangian and the definitions of the coefficients b s and b em were given in (2). The signal strength modification factor µ i ≡ n i s /(n i s ) SM in any given channel i may be calculated by combining the production and decay rescalings:
). Experimental collaborations typically report the expected and observed 95% CL limits on µ from experimental searches for the Standard Model Higgs boson. In the absence of more detailed experimental information on the likelihood function in each channel, we adopt the following approximate procedure to re-interpret these results for different signal strength modifiers and hence in the a and c parameter space [17] .
The underlying likelihood p(n obs |µn SM s + n b ) is assumed to obey a Poisson distribution. In the Gaussian limit of a large number of observed events, assuming small fluctuations with respect to the background and negligible systematic errors 2 , one can use the approximation σ obs σ exp = µ 95% exp /1.96 for the standard deviation to solve for the central valueμ in the 2 See Ref. [17] for a more precise definition of these assumptions. 
The posterior probability density function is then given by
with π(µ) generally assumed a priori to be flat within the range of interest and zero outside. As discussed below, we find that this method yields results within 20% of official combinations, which is sufficient for our purpose.
Experimental Data Set
To reconstruct the likelihood we used the latest available information based on up to ∼ 5/fb of LHC data and ∼ 10/fb of Tevatron data per experiment, as follows.
The CMS and ATLAS searches in the channel
2. The CMS, ATLAS and Tevatron searches in the h →bb channel are assumed to be dominated by associated production [3, 12] .
3. The CMS search in the h → γγ channel is split into five sub-channels, whose likelihoods we estimate from the quoted central values and one-sigma error bars given in [4] . The dijet-tagged sub-channel is dominated by VBF, with the efficiencies for m h = 120
GeV quoted as ξ gg = 0.05, ξ VBF = 0.15 in [11] , whereas the the other sub-channels are dominated by gg fusion and combined. The ATLAS diphoton search is treated as inclusive [5] . [7] in 0-jet, 1-jet and dijet sub-channels for various choices of m h . We expect that the numbers for m h ∼ 125 GeV would lie between those for 120 and 130 GeV. Conservatively, we use the numbers given for m h = 120 GeV to reconstruct the likelihood, as they yield a weaker constraint than the numbers for 130 GeV. We further assume that the dijet sub-channel is dominated by VBF.
6. The CMS and ATLAS τ τ searches are treated as inclusive [8] . For CMS we also include an additional search in the h → τ τ → µµ channel [9].
We omit two searches using associated W H production [10], which currently have limited statistics and sensitivity. The cut efficiencies are assumed to be independent of (a, c) for all channels other than the diphoton dijet-tagged sub-channel. We do not make any allowances for non-Gaussian systematic errors or correlations in our study. Where possible, we have checked that our combinations agree with the official combinations to within ∼ 20%, e.g., for the combination of the CMS diphoton sub-channels and for the combination of CMS channels. However, it should be noted that this approach is inherently limited by the available information, and care should be taken not to over-interpret the results. For this reason, we would welcome the release by the experimental collaborations of more information about the likelihood functions for each sub-channel analyzed [33] .
Results
We first discuss the constraints on a, c that are imposed by the CMS data released in March 2012. The panels in Fig. 1 We see in the top panels of Fig. 1 that thebb channel depends on both a and c and that the τ + τ − measurements are mainly sensitive to c, as one would expect, with a very weak dependence on a induced by the subdominant vector-boson-fusion (VBF) production mechanism. On the other hand, we see in the centre left panel that the ZZ * channel is quite sensitive to both a and c, but is insensitive to the sign of c. We note that the h → γγ constraint is not symmetric between positive and negative c, because the loop-induced h → γγ decay amplitude is sensitive to the relative sign of a and c through the interference betweentt and W + W − loops. We also note that the best fit to the CMS γγ data is in the fermiophobic region.
Turning now to the bottom right panel of Fig. 1 that displays the combination of the CMS constraints on the h couplings, we see that the combination is almost symmetric between c > 0 and c < 0, with the latter being slightly favoured, and that the fermiophobic case c = 0 is quite strongly disfavoured. The diagonal lines in this combination panel represent the pseudo-dilaton case with a = c and a hypothetical 'anti-dilaton' model with a = −c. The curved line ac = 1−2 √ 1 − a 2 represents the MCHM5 model (6) that is parametrized by ξ. In 4 CMS provide this breakdown for the cases m h = 120 and 130 GeV [7] , rather than for the favoured signal region at m h ∼ 125 GeV. Conservatively, we apply here the m h = 120 GeV version of the W W * constraint, which is weaker than at larger masses. corresponding to fermiophobic models. We see the best fit to the pseudo-dilaton model has a = c = v/V close to unity, corresponding to the h couplings being very simllar to those of a Standard Model Higgs boson. The local p-value for the 'anti-dilaton' model is maximized for a = −c slightly less than unity, and is slightly favoured over the dilaton scenario, though not to a significant extent. On the other hand, the fermiophobic scenario is significantly disfavoured. In the MCHM5 case, we see a global Standard-Model-like minimum at ξ = 0 and a local minimum in the anti-dilaton region (with sub-optimal coupling strengths).
The six panels of Also shown in the bottom right panel is the combination of these ATLAS constraints. We see again in the top panels that thebb constraint depends on both a and c whereas the τ + τ − measurements are mainly sensitive to c, as one would expect, with a very weak dependence on a induced by the subdominant vector-boson-fusion (VBF) production mechanism. On the other hand, we see in the centre panels that the ZZ * and W W * channels are quite sensitive to both a and c, but are insensitive to the sign of c, whereas in the bottom left panel the constraint from the γγ channel differs between positive and negative c. The combination of ATLAS constraints shown in the bottom right panel of Fig. 5 has a characteristic 'boomerang' shape, reflecting the fact that the data available from ATLAS provide no discrimination between the gg fusion and VBF production mechanisms.
The p-values for the ATLAS data along the same specific model lines are shown in Fig. 6 .
We again see that the p-value along the pseudo-dilaton line is minimized for a = c = v/V close to unity (the Standard Model case), and the p-value is somewhat improved for the anti-dilaton scenario. There is also a significant minimum of the p-value in the fermiophobic scenario, which was disfavoured in the CMS data by measurements of the VBF-enhanced W W * and γγ sub-channels.
Finally, in Fig. 7 we display the constraints in the (a, c) plane provided by measurements by the Tevatron experiments, CDF and D0, in the (left)bb and (centre) W W * channels. We see that thebb channel disfavours fermiophobic scenarios, as seen in the combination that is displayed in the right panel.
We discuss finally the combination of the above results. Fig. 8 shows the constraints in the (a, c) plane obtained from a global analysis of CMS, ATLAS and Tevatron data. We see two preferred regions of parameter space, one for c > 0 and the other (which is somewhat favoured) for c < 0. The Standard Model point lies just outside the 68% CL contour for c > 0
(corresponding also to the MCHM5 model in the limit ξ → 0). The fermiophobic models are disfavoured well below the 68% CL, primarily on the basis of the CMS VBF-enhanced loops if a and c have opposite signs, as seen in (9). In the fermiophobic scenario, we see that the values of a preferred by the different experiments also do not coincide well. The local minima of the p-value for the MCHM5 scenario reflect those seen already for the dilaton and anti-dilaton scenarios 5 .
Finally, we present in Fig. 10 only QCD is conformal. These features can easily be understood: the larger value of V in the conformal QCD cases is because the data are consistent with the Standard Model rate for gg production of h, so the larger value of b s must be offset by a smaller value of c = v/V , and the improvements if QED is conformal arise from the facts that both CMS and ATLAS see rates for h → γγ that are somewhat enhanced relative to the Standard Model.
Summary and Prospects
In this paper we have performed a global analysis of the data pertaining to a possible Higgslike state h with mass ∼ 125 GeV that were made available by the CMS, ATLAS, CDF and D0 collaborations [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] at the Moriond 2012 conference [19] . We have considered a two-dimensional parameter space characterized by rescaling factors (a, c) for the possible h couplings to massive vector bosons and fermions, respectively [16] [17] [18] . We have also considered the potential impacts of modifications to the loop-induced gg and γγ couplings that might be induced by additional massive particles, specifically possible conformal QCD and/or QED sectors in the pseudo-dilaton scenario [20] .
Good fits are found for models with (a, c) ∼ (1, 1) as in the Standard Model, pseudodilaton models in which neither QCD nor QED is conformal and V ∼ v, and the MCHM5 in the limit ξ → 0. However, the fact that the CMS and ATLAS γγ signals are relatively large tends to favour scenarios with a/c < 0. The same tendency has been found in other phenomenological analyses, though the shapes of the preferred regions were somewhat different. This could be expected, since phenomenological fits are necessarily approximate in the absence of more complete information on the experimental likelihood functions. As we have discussed, fermiophobic scenarios are disfavoured by the CMS data on W W * and γγ dijet sub-channels, as also found in [17] . In the pseudo-dilaton model, values of V ∼ 800 GeV are preferred if QCD is (near-)conformal, and better fits are found if QED is (near-)conformal because the rate for h → γγ is enhanced relative to other decay modes.
We expect that the LHC will soon provide CMS and ATLAS with many more collisions, which should make it possible to clarify the existence and nature of the possible Higgs-like state h with mass ∼ 125 GeV that has been reported. Within each experiment, this clarification will surely proceed via an analysis of the type discussed here, in which the signals from different channels are combined statistically. Our analysis has demonstrated the value of the complementarity between the different production and decay channels, and has highlighted the usefulness of information on sub-channels corresponding to different production mechanisms. Above and beyond the analyses made by individual collaborations, we hope that they will provide information on the likelihood functions for different channels that will enable optimal global combinations to be made, going beyond the crude approximations made here. This would hasten Judgement Day for the 'Higgs' boson.
